Amorphous La x Al y O films were grown on n-type Ge substrate by atomic layer deposition using O 3 and H 2 O as oxidant, respectively. A comparison of the XPS results indicated that a thicker interfacial layer with the component of LaGeO x and GeO x was formed at O 3 -based La x Al y O/Ge interface, causing lower band gap value as well as the conduction band offset (CBO) value relative to Ge substrate for O 3 -based La x Al y O film, with a concomitant degeneration in the interfacial properties. In contrast, for the H 2 O-based film, the leakage current of more than one order of magnitude less than that of O 3 -based La x Al y O film was obtained. All the results indicated that H 2 O is a more appropriate oxidant for improving the interfacial properties in the atomic-layer-deposited La x Al y O dielectric on Ge.
Introduction
With Si-based complementary-metal-oxide-semiconductor (CMOS) devices approaching their fundamental limits, high dielectric constant (high-k) materials grown on germanium and other high mobility semiconductors have been investigated to increase the drain current in the channel region [1, 2] . Unfortunately, one primary challenge for Ge used in MOSFET devices is generally the poor electrical performance of native Ge oxide, resulting in poor interfacial properties at the insulator/Ge interface for most high-k dielectrics deposited on Ge substrate without any surface passivation process [3, 4] . In order to improve the interface quality, appropriate passivation should be carried out. Attentions had been focused on the formation of thermally grown GeO 2 prior to the high-k dielectrics deposition process [5, 6] . However, GeO 2 becomes unstable at high temperature when deposited on Ge because it would react with Ge atoms to form substoichiometric oxide or volatile GeO [7, 8] , deteriorating the electrical performance of Ge-based MOS devices. Recently, rare earth oxides have been considered as a promising passivation interlayer for high-k dielectric grown on Ge [9] . Furthermore, La-based dielectric materials have been shown to form a good passivation layer due to the formation of a stable La germanate compound on Ge substrate which could prevent the formation of volatile GeO [10, 11] . Among various deposition methods for growing high-k dielectric films, atomic layer deposition (ALD) has been considered as one of the most promising technique to produce high-k dielectric films in high quality due to the outstanding characteristics for precise thickness and composition control, excellent uniformity and process compatibility to conventional CMOS process [12, 13] . O 3 and H 2 O are two kinds of oxygen source precursors commonly used in the ALD process. It has been reported that the difference of oxidants would have an impact on the ALD reaction mechanism and surface chemistry of the deposited film [14] , with a further influence on the relative electrical properties. the difference of oxidant has negligible influence on the chemical bond structures of the upper deposited LaxAlyO layers. However, compared with the LaxAlyO film using H2O as oxidant, an obvious increment in the intensity of La-O-Ge and Ge-O-Ge peaks could be observed for the O3-based LaxAlyO film, which illustrates that more interfacial oxide layer (mainly consisting of LaGeOx and GeOx) was formed at the O3-based LaxAlyO/Ge interface during the deposition and post-deposition annealing process [18] , which may be caused by the higher oxidability of O3 [19] . In order to study the chemical bonding states near the LaxAlyO film and Ge substrate interfaces more clearly, further investigation was applied to the variations in Ge 3d XPS spectra for the 5 nm O3-based and H2O-based LaxAlyO films, as shown in Figure 2 . The Ge oxide (GeOx) spectra, which are located at a higher binding energy with respect to the Ge 0 peak originating from the Ge substrate, can be deconvoluted into four GeOx peaks (Ge 1+ , Ge 2+ , Ge 3+ , Ge 4+ ) with energy shift of 0.8, 1.8, 2.6, and 3.4 eV, respectively. These GeOx species were likely present due to the formation of an interfacial layer between the LaxAlyO film and Ge substrate. Here, the Ge 4+ peak originates from GeO2, and other Ge 1+ , Ge 2+ and Ge 3+ peaks originate from Ge sub-oxides [20] . A comparison of Figure 2a ,b revealed the same variation trend of the formation of interfacial oxide layer as analysed in the O 1s XPS spectra; that is, larger amounts of LaGeOx and GeOx, including GeO2 and Ge sub-oxides, were formed at LaxAlyO/Ge interface in the O3-based case. The variation of these interfacial oxides would have an influence on the interfacial characteristics of LaxAlyO film/Ge structure and then affect its electrical properties, and this aspect will be discussed in detail later in this paper. The band offsets of LaxAlyO films relative to the Ge substrate were determined by a core level photoemission-based method similar to that of Kraut et al. [21, 22] , as illustrated in Figure 3a . Accordingly, the valence band offset (VBO, ΔEv) is given by Equation (1): In order to study the chemical bonding states near the La x Al y O film and Ge substrate interfaces more clearly, further investigation was applied to the variations in Ge 3d XPS spectra for the 5 nm O 3 -based and H 2 O-based La x Al y O films, as shown in Figure 2 . The Ge oxide (GeO x ) spectra, which are located at a higher binding energy with respect to the Ge 0 peak originating from the Ge substrate, can be deconvoluted into four GeO x peaks (Ge 1+ , Ge 2+ , Ge 3+ , Ge 4+ ) with energy shift of 0.8, 1.8, 2.6, and 3.4 eV, respectively. These GeO x species were likely present due to the formation of an interfacial layer between the La x Al y O film and Ge substrate. Here, the Ge 4+ peak originates from GeO 2 , and other Ge 1+ , Ge 2+ and Ge 3+ peaks originate from Ge sub-oxides [20] . A comparison of Figure 2a ,b revealed the same variation trend of the formation of interfacial oxide layer as analysed in the O 1s XPS spectra; that is, larger amounts of LaGeO x and GeO x , including GeO 2 and Ge sub-oxides, were formed at La x Al y O/Ge interface in the O 3 -based case. The variation of these interfacial oxides would have an influence on the interfacial characteristics of La x Al y O film/Ge structure and then affect its electrical properties, and this aspect will be discussed in detail later in this paper. the difference of oxidant has negligible influence on the chemical bond structures of the upper deposited LaxAlyO layers. However, compared with the LaxAlyO film using H2O as oxidant, an obvious increment in the intensity of La-O-Ge and Ge-O-Ge peaks could be observed for the O3-based LaxAlyO film, which illustrates that more interfacial oxide layer (mainly consisting of LaGeOx and GeOx) was formed at the O3-based LaxAlyO/Ge interface during the deposition and post-deposition annealing process [18] , which may be caused by the higher oxidability of O3 [19] .
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where (E Ge 3d − E V ) Ge is the energy difference between Ge 3d and valence band maximum (VBM) in the bulk clean Ge substrate, as shown in Figure 3b ; E Al 2p − E V Thick La x Al y O is the energy difference between Al 2p and VBM in the 10 nm La x Al y O film, as shown in Figure 3c ; and E Ge 3d − E Al 2p La x Al y O/Ge is the energy difference between Ge 3d and Al 2p core levels in the 5 nm La x Al y O on n-Ge(100), as shown in Figure 3d . Then, according to Equation (1) 
Thick La Al O La Al O/Ge E  is the energy difference between Ge 3d and Al 2p core levels in the 5 nm LaxAlyO on n-Ge(100), as shown in Figure 3d . Then, according to Equation (1) Figure 3 . (a) schematic of band energy alignment diagram for a LaxAlyO/Ge structure; XPS core level spectra of (b) Ge 3d and valence band for bulk clean n-Ge(100); (c) Al 2p and valence band for 10 nm LaxAlyO films; and (d) Al 2p and Ge 3d for 5 nm LaxAlyO films on n-Ge(100).
The corresponding conduction band offset (CBO, ΔEc) between LaxAlyO and Ge can be obtained by Equation (2): The corresponding conduction band offset (CBO, ∆E c ) between La x Al y O and Ge can be obtained by Equation (2):
It is generally known that the band gap of germanium is 0.67 eV at room temperature. In order to obtain the CBOs of La x Al y O films relative to germanium, the band gap of amorphous La x Al y O on Ge substrate needs to be determined.
The band gaps of La x Al y O films were measured by examining the energy loss of the O 1s core levels for the 10 nm samples by XPS measurements. After being etched for~2 nm, the XPS spectra signals can be considered as coming from the pure deposited films. In principle, the photoexcited electrons passing through dielectric films can suffer inelastic losses due to plasmon (collective oscillation) and single particle excitation (band-to-band transition excitation) [23] . It is proved that the band gap equals the energy distance between the photoemission peak centroid and the onset of the features due to single particle excitations, and it is usually obtained from the inelastic energy loss features observed on the high binding energy side of the core level photoemission peaks [24] . Besides, the onset of the O 1s loss spectrum can be determined by linearly extrapolating the segment of maximum negative slope to the background level [25, 26] . Using this method, as shown in Figure 4 , the band gaps of the O 3 -based and H 2 O-based La x Al y O films were determined to be 5.98 and 6.06 eV, respectively. Accordingly, the CBOs of O 3 -based and H 2 O-based La x Al y O films relative to Ge were figured out as 1.97 and 2.28 eV, respectively.
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Conclusions
In this paper, amorphous LaxAlyO films were deposited on Ge substrate by ALD using O3 and H2O as oxygen precursor, respectively. Due to the higher oxidability of O3, the formation of interfacial layer (mainly consisting of LaGeOx and GeOx) was enhanced at O3-based LaxAlyO/Ge interface, leading to a slight decrease of the band gap for O3-based LaxAlyO film, as well as the CBO value relative to Ge substrate compared with that of the H2O-based sample. Additionally, the extra formation of volatile GeO causes the increase of oxide trapped charges and interface traps in 
In this paper, amorphous La x Al y O films were deposited on Ge substrate by ALD using O 3 and H 2 O as oxygen precursor, respectively. Due to the higher oxidability of O 3 , the formation of interfacial layer (mainly consisting of LaGeO x and GeO x ) was enhanced at O 3 -based La x Al y O/Ge interface, leading to a slight decrease of the band gap for O 3 -based La x Al y O film, as well as the CBO value relative to Ge substrate compared with that of the H 2 O-based sample. Additionally, the extra formation of volatile GeO causes the increase of oxide trapped charges and interface traps in O 3 -based La x Al y O film/Ge structure. As a result, a much lower gate leakage current was obtained when the H 2 O-based La x Al y O film was used as MIS gate insulator, indicating that H 2 O is a more appropriate oxidant applied for the deposition of La x Al y O dielectric on Ge substrate to achieve suitable band alignments and favorable interfacial properties.
